The waste fly ash (FA) material was subjected to chemical treatment with HCl at elevated temperature for a different time to modify its porosity. Modified FA particles with highest surface area and pore volume were further used as a support for TiO 2 catalyst during FA/TiO 2 nanocomposite preparation. The nanocomposite photocatalysts were obtained by in situ sol-gel synthesis of titanium dioxide in the presence of FA particles. To perform accurate characterization of modified FA and FA/TiO 2 nanocomposite photocatalysts, gas adsorptiondesorption analysis, X-ray diffraction, scanning electron microscopy, UV/Vis and Infrared spectroscopy were used. Efficiency evaluation of the synthesized FA/TiO 2 nanocomposites was performed by following the removal of Reactive Red 45 (RR45) azo dye during photocatalytic treatment under the UV-A irradiation. Photocatalysis has been carried out up to five cycles with the same catalysts to investigate their stability and the possible reuse. The FA/TiO 2 photocatalyst showed very good photocatalytic activity and stability even after the fifth cycles. The obtained results show that successfully modified waste fly ash can be used as very good TiO 2 support.
Introduction
The degradation of harmful substances in water has attracted great interest in recent decades, due to the growing interest in the treatment of wastewater streams prior to their release into the environment. Effective removal of dyes from the textile industry is a serious issue, since even a small amount of dye is clearly apparent. Large quantities of synthetic dyes are widely used for dyeing processes, and about 50% of these are azo dyes [1] . Azo dyes can be converted to their intermediate products, such as aromatic amines, that can be toxic or carcinogenic compounds. The chemical structures of azo dyes have one or more azo groups (-N=N-) as a chromophore, responsible for the dye colour, and functional groups such as -NH 2 , -OH, -CH 3 , and -SO 3 for the fixation of these dyes to fibres. Most azo dyes are considered to be basically non-degradable, and common degradation processes such as physicochemical treatment, active sludge, and oxidative techniques are unable to completely remove azo dyes from contaminated wastewaters [2] . As conventional methods of removing dyes have failed, alternative methods for wastewater treatment have been developed, including advanced oxidation processes (AOPs), with photocatalysis as the most popular method.
This technique is based on a promising heterogeneous photocatalytic oxidation process [3] , which uses semiconducting metal oxides to produce electron-hole pairs by illumination with UV light in an aqueous medium. These charge carriers migrate to the photocatalyst surface and react with adsorbed species of suitable redox potential [4] [5] [6] . Titanium dioxide (TiO 2 ) is one of the most used metal oxide photocatalysts, as it has high oxidative power. It is chemically stable, non-toxic, low cost and environmentally friendly. It is also active under ultraviolet (UV) light irradiation (<380 nm) and therefore widely used as a photocatalyst for the degradation of organic pollutants [7, 8] . However, fine TiO 2 , commonly in nanometre size, is subjected to agglomeration that reduces its surface that reflects to its catalytic efficiency. There is also a problem con-cerning the separation and recovery of the photocatalyst at the end of the wastewater treatment. Therefore, supported TiO 2 catalyst is one of the solutions to solve this problem. Intensive study has been carried out to immobilize the TiO 2 photocatalyst on various supporting materials, such as silica [9, 10] , montmorillonite [11] , zeolites [12, 13] and activated carbon (AC) [14] [15] [16] . Fly ash is a waste material formed during the combustion process (coal, solid waste) that needs to be collected and recycled. As the fly ash from coal burning power plants is an aluminosilicate this makes it suitable material for use as a supporter of the catalyst. Thus, the selection of cheap waste material like fly ash as carrier of TiO 2 catalyst seems to be a very good choice [17] . The enlarged specific surface of the support material provides more adsorption sites for TiO 2 , which then enhances its photocatalytic efficiency, i.e. increases its potential for pollutant removal.
Because of that in this study the photocatalytic efficiency of FA/TiO 2 nanocomposite photocatalysts, in situ prepared by sol-gel synthesis, was evaluated by following the removal of Reactive Red 45 (RR45) azo dye in water. The stability and reuse of FA/TiO 2 catalysts were also examined by studding photocatalytic efficiency in five consecutive cycles of photocatalysis.
Experimental

Materials
Hydrochloric acid (HCl, 37%), acetic acid (C 2 H 4 O 2 , 99.8%) and ethanol (C 2 H 5 OH, 99.7%) were obtained from Kemika, Croatia; tetra-n-butyl titanate (Ti(OC 4 H 9 ) 4 , 99%) from Acros Organics and didecyl dimethyl ammonium chloride (C 22 H 48 ClN) from Lonza Ltd and were used without any further purification. All aqueous solutions were prepared with ultrapure water purified with Merc Millipore Direct-Q3 UV system. Commercial organic dye C.I. Reactive Red 45 dye (RR45) Ciba-Geigy (now BASF) was used as well as TiO 2 (Aeroxide P25) ≥ 99.5%, nanopowder, 21 nm particle size from Evonik. Fly ash (FA) was supplied from Plomin Power Plant, Croatia. According to the received analysis composition of fly ash was: SiO 2 
Fly ash modification
Waste fly ash (10 g) was mixed with 100 cm 3 The in situ synthesis of TiO 2 was carried out to prepare FA/TiO 2 nanocomposite photocatalysts. The procedure of nanocomposite photocatalysts preparation was such that the modified FA1 sample was added to solution A, and then the solution was mixed with solution B according to the above procedure. Amounts of FA1 and Ti(OC 4 H 9 ) 4 were varied so different compositions of catalyst were obtained. Additionally commercial TiO 2 Aeroxide P25 was mixed with FA1 prior to sol-gel synthesis of TiO 2 and sample obtained by that procedure was named FA1/20-TiB-1. The weight ratios of FA, TiB (calculated from the amount of 
Characterization methods
To determine the specific surface area (BET) and total pore volume of fly ash powder samples before and after modification, gas sorption analysis was performed using Micromeritics ASAP 2000. Samples were first degassed at 400 ∘ C and then subjected to N 2 adsorption.
The Brunauer-Emmett-Teller (BET) surface area was calculated from the BET plot, while pore-size distribution was calculated using the BJH model. The crystal phases in prepared samples were identified by X-ray diffraction using the Shimadzu XRD 6000, with CuKα radiation of 40 kV and current of 30 mA, in the 2θ range 5-70 ∘ and with steps of 0.02 ∘ . FTIR spectra were obtained by attenuated total reflectance Fourier transform infrared spectroscopy (ATR FTIR), using a Spectrum One FTIR spectrometer from Perkin Elmer, in the range from 4000 to 650 cm −1 . The morphology of the studied photocatalysts was analyzed using a Tescan Vega 3 scanning electron microscope (SEM) at 20 kV. Before analysis, samples were sputter-coated with a thin layer of Au/Pd. UV/Vis reflectance measurements of the FA/TiO 2 nanocomposite photocatalysts were performed in the range 200 to 800 nm at a spectral resolution of~0.3-10 nm, using an Ocean Optics USB 2000+ Spectrometer.
Photocatalysis
All experiments were performed with simulated wastewater loaded by 30 mg/L of RR 45 azo dye and 1 g/L of photocatalyst while pH was kept at cca 7. Experiments were performed in a glass water-jacketed batch reactor equipped with the Pen-Ray UVP lamp emitting irradiation in the UVA region (at 254 nm), which was located in the middle of the reactor in a quartz tube. The total volume of the treated solution was 75 mL in all experiments. The suspension was magnetically stirred (250 rpm) in the dark for 30 min to reach the adsorption/desorption equilibrium and photocatalysis was performed for 90 minutes. Aliquots were taken from the reactor every 15 min, filtered and analysed by UV/Vis spectroscopy on Perkin Elmer Lambda EZ 201 by measuring the absorbance of the suspension at wavelength of RR 45 maximum absorbance (λ, 542 nm). To establish stability and efficiency of the studied photocatalyst, five consecutive cycles of photocatalysis under identical conditions were performed. After each cycle, samples were separated from the suspension by decantation, dried at room temperature for 12 h and reused in the next cycle. The percentage of RR45 degradation after each cycle was calculated according to the equation: removal (%) = (A 0 -A)/A 0 × 100%, where A 0 and A are the initial absorbance and the absorbance at the specific time of RR45 degradation, respectively.
Results and discussion
Characterization of Fly ash
To elucidate the modified structure and chemical composition of fly ash (FA) samples the XRD analysis were used. Diffractograms yielded high mutual resemblance, and consisted of narrow diffraction lines, suggesting the presence of highly crystalline material, Figure 1a ). Only, a very small hump centered at 23 ∘ 2Θ is characteristic for the presence of amorphous material, most likely silicatype amorphous material, common in fly ash systems.
The untreated fly ash sample yielded crystalline phases corresponding to common crystalline compositions [18] found in fly ash material. These were: quartz (ICDD PDF#46-1045), mullite (ICDD PDF#79-1450), calcite (ICDD PDF#05-0586), calcium silicate (ICDD PDF#49-0442), minor fraction of hematite (ICDD PDF#33-0664) and magnetite (ICDD PDF#19-0629). All diffraction lines were assigned. Treated samples yielded the same phases, whereas calcium-containing phases were completely leached out (due to the chemical reaction between CaCO 3 and HCl) indicated by peak located at 29.41 ∘ 2Θ. Further, the modified FA (−1, −2, −4) samples showed an increase in intensity of the remaining diffraction lines, which could suggest a relative increase in the content of the remaining crystal phases as a consequence of the modification process, i.e. dissolution of calcite phases. The sample treated for only 1 day leached mostly Ca-phases, while additional 2 and 4 days of treatment yielded very small difference. FTIR spectra given in Figure 1b ) were recorded to identify the chemical composition of FA samples. In the FTIR spectra, the only visible peaks were in the range from 1600 to 650 cm −1 , where the initial FA sample showed three ad- respond to the stretching vibration of internal SiO 4 tetrahedra, especially to the Si-O-Si chain structure [19] . Absorbance at 780 cm −1 is related to the symmetric stretching of Si-O-Al linkages and suggests the higher fraction of Si-O-Al linkages formed in the mullite structure [20, 21] . The SEM micrographs of the studied fly ash samples are shown in Figure 2 where the morphology of modified and initial FA is compared. The initial (unmodified) FA sample Figure 2a ) exhibited a different morphology than the modified fly ash samples shown in Figure 2b ) -2d). For the FA sample, rough surface is visible on the observed globules which according to the XRD and FTIR analysis, suggests that calcite covers the surface of globules. On the other hand, all modified fly ash samples have almost smooth globular or ellipsoid smooth particles surface morphology with the particle size distribution range from 5 to 20 µm.
Modification of fly ash with HCl acid altered the chemical composition and also the structure of fly ash. The change of particles size was indicated through higher specific surface area (BET) and total volume pore that were analyzed using the nitrogen isothermal adsorptiondesorption method, Table 2 . The pore volume and the surface area of modified fly ash samples were greater than of initial FA. The greatest increase was observed for the FA-1 sample subjected to the hydrochloric acid modification for one day where the surface area is 3 times higher and the pore volume 2.5 times than of the initial FA. With prolonged acid exposure time surface area and pore volume decreased again. Such changes could be explained by slow reaction of HCl with Al 2 O 3 or Fe 2 O 3 which affects the particle surface.
Since the surface area is one of the most important parameters for efficient (photo)catalyst [22] [23] [24] the sample FA-1 was used further in preparation of FA/TiO 2 nanocomposite photocatalysts. In this case large surface area would also provide possibility of higher loading of immobilized TiO 2 particles as there would be more space to anchor TiO 2 particles to fly ash. nanostructural morphology, these materials appear to be suitable for the photocatalytic use [25] . Figure 4a ) presents FTIR spectra of the FA1/TiB nanocomposite photocatalysts while 4b) presents pure TiO 2 and modified fly ash (FA-1). The characteristic vibration bands of TiO 2 at 3300 and 1630 cm −1 are due to the stretching and bending vibration of the OH group and water, while the peak at 524 cm −1 that corresponds to the stretching vibration of Ti-O-Ti [26] was not seen. For the FA-1 sample, there are a characteristic vibration corresponding to the internal SiO 4 tetrahedra, especially to Si-O-Si chain structure at 1090 cm −1 , 800 and 780 cm −1 . In the composite samples, the absorbance of both TiO 2 and FA-1 are well seen and especially those assigned to TiO 2 as it is placed on the FA surface. UV-Vis spectroscopy has been used to establish the influence of various compositions of FA1/TiB nanocomposite photocatalysts on photosensitivity by recording their reflectance spectra, Figure 3b) . Initial (FA) and modified fly ash (FA1) samples show small deviation in reflectance regarding the variation in their chemical composition. As it is seen in the interval from 200 to 400 nm for both samples (FA, FA-1) reflections is low from 15 to 20% indicating good photosensitivity in the UV region. The slightly higher reflectance in the Vis light region increased up to 37% and 44%, respectively indicating lower photosensitivity. On the other hand, the UV-Vis spectra of nanocomposite photocatalysts are very similar to those of pure TiO 2 (TiB) in the UV region. Thus, TiO 2 and FA1/TiO 2 nanocomposite photocatalysts showed very low reflectance in the range 220-390 nm (10 -20%) with minor variations and the FA1/16-TiB sample show slightly broader band. For the same samples in the Vis range (400-800 nm) the reflectance differ and can be seen for the pure TiB is up to 80% meaning very low photosensitivity then follow the composite samples: FA1/20-TiB, FA1/20-TiB-1 and FA1/16-TiB with reflectance of: 70%, 58%, 55%, respectively. It can be concluded that the photocatalysts prepared with fly ash have higher photoactivity in the Vis region but also in UV region due to slightly broader bands. As it is well known photoactivity is result of absorbance of UV/VIS light that activates photocatalyst like TiO 2 where the energy of UV light is higher than its band gap that photogenerate electrons -holes pair. Such electron transition (π -π * ) from the valence to the conduction band results in its good photocatalytic activity of TiO 2 catalyst [27] [28] [29] [30] .
Characterization of FA/TiO 2 photocatalyst
SEM micrographs in Figure 5a ) present pure TiO 2 and b) -c) FA1/TiB nanocomposite photocatalysts with varying concentrations of modified fly ash (16 and 20 wt.%), and micrograph d) presents the composite with additional 1 wt.% TiO 2 (P25) nanoparticles. All composite samples show different morphology when compared to pure TiO 2 (sample TiB). TiO 2 exhibits very fine, flaky, morphology of nanoparticles while for FA/TiB samples show TiO 2 covering larger fly ash particles. Because of higher concentration of TiO 2 in samples FA1/20-TiB and FA1/20-TiB-1 fly ash particles of those samples show higher coverage with TiO 2 as can be seen in Figures 5c) and 5d ).
Photocatalysis
The photocatalytic activity of the FA1/TiB nanocomposite photocatalysts was validated by performing removal of RR45 azo dye from aqueous suspension. The experiments were performed under UV-A irradiation with catalysts concentration of 1 mg/L and RR45 dye of 30 mg/L. The efficiency of photocatalysis is influenced by several operating parameters: catalyst and contaminant concentration, pH value, treatment time and temperature. In the literature, value of pH 3 is reported as optimal for TiO 2 efficiency, because its surface should be positively charged in acidic media and negatively in basic media [31, 32] . RR45 is organic azo dye that contains negatively charged sulfonate groups in its structure, so acidic solution is going to favors the strong adsorption of dye onto the TiO 2 surface [33] . From the environmental and economic perspectives neutral pH is more desirable and therefore in this study the pH value was not adjusted and it was 6.8.
Initially, the experiments were started with adsorption process as it is necessary first to establish adsorption/desorption equilibrium for 30 minutes and it can be seen that adsorption of the RR45 azo dye onto catalysts is very low; from 1 to 3%, Figure 6a ). The adsorption of pollutant onto the photocatalyst to certain extent is desirable, although an excessive concentration of dye molecules can lead to saturation of catalyst surface and slowing down of photocatalysis making the process less efficient [34] . Ex- periments were further performed to determine the actual photocatalytic activity, namely the photocatalytic degradation of RR45 azo dye in wastewater and results are given in Figure 6a) .
The results of photocatalysis performed with the TiO 2 (TiB) and FA1/TiB nanocomposites showed high photocatalytic activity where almost all samples had removal efficiency of 95% in 90 minutes. Although all samples had similar efficiency after 90 minutes the pure TiB photocatalyst was more efficient in the first 60 minutes of process. Slightly lower efficiency was noticed for the FA1/20-TiB catalyst which removed 90% of the dye at the end of process. The explanation of the initial lower removal of RR45 dye with nanocomposite photocatalysts in comparison to pure TiO 2 lies in their composition, as they contain 16 and 20% less TiO 2 resulting in lower interactions between RR45 and TiO 2 . The kinetics of photocatalytic degradation with semiconducting oxide of organic dyes usually follows the Langmuir-Hinshelwood mechanism [35] and can be described by the apparent first order reaction ln(C 0 /C t ) = kapp t, where kapp is apparent rate constant, C 0 and C t are concentration of dye after darkness adsorption of 30 min and concentration of dye at time t. Figure 6b shows the relationship between the illumination time and degradation rate of RR45 dye under UV-A light and the obtained linear correlation of the plot of ln(C 0 /C t ) versus time suggest a pseudo first-order reaction. The photocatalytic activity of synthesized nanocomposite can be validated by comparing the apparent rate constants (kapp), presented in Table 3 . The results from Table 3 indicate that the photocatalytic activities of FA1/TiB nanocomposites (16%, 20%-1) are slightly higher than those of pure TiO 2 . Our study shows that nanocomposites photocatalyst containing the fly ash are more effective on the discoloration of RR45 under UV-A irradiation due to higher photoactivity observed at UV-Vis spectra, Figure 3b) . Hence, the FA1/TiB nanocomposites can be excited to produce more electron hole pairs, which result in efficient photocatalytic activity. It means that when FA1/TiB nanocomposites are UV-A irradiated, both TiO 2 and fly ash absorb the photons at their interface, and the charge separation occurs at the interface. It is assumed that the synergetic effect between TiO 2 and flay ash on the photodegradation of RR45 dye is achieved.
Consecutive cycles of photocatalysis
To evaluate possible reuse and stability of the FA1/TiB nanocomposite photocatalysts the photocatalytic efficiency during five consecutive cycles was examined. Photocatalysis was carried out under the same conditions and the catalysts after each cycle were not additionally treated or recovered. The percentage of RR45 degradation after each cycle after 90 minutes of photocatalysis is presented in Figure 7 . The results showed that the pure synthesized TiO 2 (TiB) sample has the equal photocatalytic active during all five repeated cycles; about 99% for each cycle. The same efficiency was noticed for the FA1/20-TiB-1 nanocomposite photocatalyst indicating higher catalytic efficiency regarding the other two nanocomposite catalysts. Generally all sample show high photocatalytic stability during wastewater treatment which enables them to be used in multiple cycles without need for thermal or chemical regeneration.
Conclusions
X-ray diffraction analysis and FTIR spectroscopy confirmed changes in chemical composition of fly ash after modification. Additional conformation of successful modification of waste fly ash was seen from the results obtained from the nitrogen adsorption-desorption analysis, since the significant increase of surface specific area and total pore volume was achieved. These results allowed the selection of the most successfully modified fly ash sample FA1 to use for the in situ preparation of FA1/TiO 2 nanocomposite photocatalysts by sol-gel synthesis of TiO 2 . The validation of photocatalytic activity of such prepared nanocomposite photocatalysts has been made by determination of photodegradation efficiency of Reactive Red (RR45) azo dye during wastewater treatment. It was concluded that all studied FA1/TiB nanocomposite photocatalysts exhibit very good photosensitivity, since a discoloration of 96% of RR 45 was achieved by FA1/16-TiB and FA1/20-TiB-1 samples. These results are supported by the study of photocatalytic degradation kinetics and it can be seen that apparent rate constant (kapp) under UV-A light indicated higher photocatalytic activities of FA1/TiB nanocomposites (16%, 20%-1) than those of pure TiO 2 . The nanocomposites photocatalyst containing the fly ash are more effective on the discoloration of RR45 under UV-A irradiation due to higher photoactivity as was confirmed by UV-Vis spectroscopy. Further, the obtained results after five consecutive cycles indicated high stability of the studied nanocomposite photocatalysts and their good photocatalytic activity. After all, it can be concluded that successfully modified waste fly ash can be used as a very good supporter of TiO 2 photocatalysts and thus significantly simplify the process of removing nanoparticles after the wastewater treatment. From this study it is apparent that the modification of the waste fly ash can be successful, and this implies a successful solution of the significant problem of its recycling.
